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INTRODUCTION
.
It is noteworthy that after a fault condition in the power system, while a high-gain fast-response AVR improves the large-signal transient stability, it also has a detrimental effect on oscillation stability and has a converse effect on the PSS operation for the transient stability To stability improvement and optimal control in power system several papers have changed the conventional structure of the system (Boules, Peres, Margotin, & Houry, 1998; Law, Hill, & Godfrey, 1994). The known frameworks for these changing structures are Internal Model Control (IMC) and Decentralized Four Loops Regulator (DFLR). Multi-machine power systems have complex models that it makes difficult the usage of these methods. With the conventional AVR-PSS and an additional optimal static gain vector, Bevrani, Hiyama, and Mitani, (2008) have attempted to gain robust performance of excitation system. The optimal gain vector has used the feedback signals including terminal voltage, active power and machine speed. In order to optimal tuning of gains, the problem is formulated via an H∞ static output feedback (H∞-SOF) control technique. Adding an extra loop can be troublesome with attention to antiquity of AVR-PSS usage as the only local controllers. A Proportional Integral Differential (PID) controller for power system is designed in (Dehghani, & Nikravesh, 2011 (Selvabala, & Devaraj, 2010 ) are used to enhance the stability of Single Machine Infinite Bus (SMIB) power system. These two works considered some constraints on the AVR-PSS coefficients. In other hand, the objective functions that must be minimized include mode damping index, speed error and terminal voltage. Application of these procedures in large-scale power systems with numerous constraints and objective functions are very difficult. Also, the PSO algorithm is used for off-line tuning of PSS parameters in Benghazi North Power Plant (BNPP) by (Tawfiq, 2013) . Generally, the off-line tuning for controller parameters gives suitable performance for specified condition and not for all conditions. Genetic Algorithm (GA) method is investigated to enhance the power system stability in (Viveros, Taranto, & Falcao, 2005) .
Although, a large number of techniques have been employed in power systems, intelligent fuzzy logic is a powerful tool in meeting challenging problems for stability of power document, which may be purchased using the "Add to Cart" button on the product's webpage:
www.igi-global.com/article/stability-enhancement-in-multi- Kundur, 1994) .
It is noteworthy that after a fault condition in the power system, while a high-gain fast-response AVR improves the large-signal transient stability, it also has a detrimental effect on oscillation stability and has a converse effect on the PSS operation for the transient stability (Selvabala, & Devaraj, 2010 ) are used to enhance the stability of Single Machine Infinite Bus (SMIB) power system. These two works considered some constraints on the AVR-PSS coefficients. In other hand, the objective functions that must be minimized include mode damping index, speed error and terminal voltage. Application of these procedures in large-scale power systems with numerous constraints and objective functions are very difficult. Also, the PSO algorithm is used for off-line tuning of PSS parameters in Benghazi North Power Plant (BNPP) by (Tawfiq, 2013) . Generally, the off-line tuning for controller parameters gives suitable performance for specified condition and not for all conditions. Genetic Algorithm (GA) method is investigated to enhance the power system stability in (Viveros, Taranto, & Falcao, 2005) .
Although, a large number of techniques have been employed in power systems, intelligent fuzzy logic is a powerful tool in meeting challenging problems for stability of power systems. This is so because of that, fuzzy logic is a technique which can handle imprecise problems without considering complexity, nonlinearity and mathematical model of units (Song, & Johns, 1997; Bevrani, Hiyama, 2011 
In this paper, a fuzzy-based coordinated control scheme is proposed for fine tuning of AVR-PSS gains. The AVR and PSS gains can change in acceptable intervals to guarantee the power system stability and optimal voltage regulation after faults. To change the conventional AVR-PSS gains, a significant generator in each area of a multi-area power system is equipped with a fuzzy logic unit. This fuzzy unit accepts normalized terminal voltage deviation and phase difference as its input signals and generates the favorable gains for the AVR and PSS controllers. The present work describes the construction of appropriate fuzzy membership functions and rules for best tuning of the gains. The 11-bus 4-generator as a standard system for dynamic studies is selected to illustrate the effectiveness and robustness of the proposed fuzzy-based coordinated control methodology. The simulations have been implemented with two severe faults in the system.
The paper is organized in five sections. The details of the simulated power system with 11-bus 4-generator is discussed in section II. Section III describes the fuzzy-based coordinated control methodology. In section IV simulation results are explained and finally section V concludes the paper.
II. TEST SYSTEM
Simulated power system is a 11-bus 2-area power system that each area has 2 generators. The rating of each generator is 900 MVA and 20 KV. The detailed bus data, line data, and dynamic characteristics for the machines, exciters and loads for this system can be found in (Kundur, 1994) . Fig. 1 indicates the test case power system. All generators have AVR and PSS controllers. The loads are modeled as constant impedances. Fig. 2 shows the generator with these local controllers. As it is visible in this schematic figure, the AVR and PSS enhance the power system stability and voltage regulation with a unit signal. This represents that, why coordination between these two controllers is necessary. The AVRs are first order transfer functions given by:
The PSSs are in conventional form with two lead-lag transfer functions as follows: 
III. FUZZY-BASED COORDINATED CONTROL Fuzzy logic is an artificial method that independent from the complexity, nonlinearity and mathematical models of study units. Generally, a controller design based on fuzzy logic for a dynamical system involves the following four main steps (Bevrani & Hiyama, 2011):
Step 1) Understanding of the system dynamic behavior characteristics. Define the states and input/output control variables and their variation ranges.
Step 2) Identify appropriate fuzzy sets and membership functions. Create the degree of fuzzy membership function for each input/output variable and complete fuzzification.
Step 3) Define a suitable inference engine. Construct the fuzzy rule base, using the control rules that the system will operate under. Decide how the action will be executed by assigning strengths to the rules. Step 4) Determine defuzzification method. Combine the rules and defuzzify the output.
In this paper, fuzzy logic controller generates the acceptable gains K P and K A for the existing conventional AVR and PSS, following a fault condition to enhance the power system stability and suitable post-fault voltage level. In other word, we have two local controllers (AVR and PSS) and a fuzzy logic unit for optimal tuning of two controllers gains. Fig. 3 depicts a step-by-step scheme of the fuzzy controller design. The normalization and scaling factor blocks are not fuzzy components. These two blocks have been designed for obtaining desirable performance of the fuzzy logic unit. As shown, the fuzzy unit contains four major components: fuzzification, fuzzy rule-base, inference mechanism and defuzzification.
A. Input Signals and Normalization Method
There are a lot of signals in power system that can be selected as the input signals for fuzzy controller. About the voltage regulation, it is better to choose the terminal voltage as one of the inputs. But, for guarantee the synchronism in power system, terminal voltage cannot meet a satisfactory performance merely. The angle deviation can be also used as the second signal input for stability enhancement. Therefore, fuzzy controller has two inputs: terminal voltage deviation and phase difference.
On the other hands, in the power systems after fault occurrence the terminal voltage deviation and phase difference maybe unlimited. To limit these deviations a normalization method is applied. A general scheme for normalization of phase difference is illustrated in Fig. 4 . The same method is used for voltage deviation normalization. ∆δ 
B. Fuzzification
In the real world, many phenomena and measures are not crisp and they are deterministic. Fuzzification plays an important role in dealing with uncertain information, which might be objective or subjective in nature. The fuzzification block in the fuzzy controller represents the process of making crisp quantity into fuzzy. In fact, the fuzzifier converts the crisp input to a linguistic variable using membership functions stored in the fuzzy knowledge base. Fuzzines in a fuzzy set is characterized by the membership functions. Using suitable membership functions, the range of input and output variables are assigned with linguistic variables. These variables transform the numerical values of the input of fuzzy controller to fuzzy quantities. These linguistic variables specify quality of the control.
In this paper, in order to reach fast response from the controller system, all membership functions considered with the mathematical definitions as follows: 
C. Fuzzy-Rule Base and Inference Mechanism
Knowledge rule base consists of information storage for linguistic variables definitions (database), and fuzzy rules (control base). The concepts associated with a database are used to characterize fuzzy control rules and a fuzzy data manipulation in fuzzy logic controller. A lookup table is made based on discrete universes that define the output of a controller for all possible combinations of the input signals. A fuzzy system is characterized by a set of linguistic statements in the form of "IF-THEN" rules. Fuzzy conditional statements make the rules or the rule set of the fuzzy controller. Finally, the inference engine uses the IF-THEN rules to convert the fuzzy input to the fuzzy output.
Fuzzy inference is the kernel of a fuzzy logic system. With two inputs and five linguistic terms, 25 rules were developed for each output which is given in Table I . The antecedent parts of each rule are composed by using AND function. Here, the Mamdani fuzzy inference system is also used.
D. Defuzzification and Scaling Factors
Defuzzification converts the fuzzy output of the inference engine to crisp using membership functions analogous to the ones used by the fuzzification. The centroid method has been used for defuzzification. With attention to output intervals, the scaling factors are necessary to provide acceptable gains for AVR and PSS controllers.
IV. SIMULATION RESULTS AND DISCUSSIONS
The efficiency of the fuzzy logic based coordinated control for AVR-PSS is tested on 11-bus test system. As described in section II, the power system has two areas with two generators in each area. The nominal system operates with area 1 exporting 413 MW to area 2. For each generator in this power system, the AVR and PSS have been activated. A significant generator in each area has been equipped with fuzzy unit. Generator 2 in area I is the swing bus in the system and generator 4 at the area II has more power rate. Therefore, these two generators (2, 4) have been selected as the effective generators in the power system. The time domain simulation responses illustrate the efficiency and robustness of the fuzzy-based coordinated controller. Two fault scenarios have been considered in the system. The fuzzy control unit has been activated in the system following one second after faults. This is so because of that, the time horizon for transient instability is about 3-5 seconds and this time horizon for small signal instability is about 10-20 seconds. As the first scenario, behavior of the power system after outage of generator 3 is investigated and at the second scenario, 1000 MW (10 p.u.) load has been added to the power system.
A. First Scenario
Outage of generator can be accounted as a severe fault in the power systems. Fig. 6 shows the time domain responses of the generators outputs without fuzzy unit after outage of generator number 3. Regarding the obtained speed (ω) diagram, the power system has lost its synchronism, and two areas have been separated. Because of that, generator number 4 cannot supply the whole load in area II and voltage collapse has occurred in this area. Generators have oscillations in accelerator power after the mentioned fault. So we have instability in the system. After adding the fuzzy logic unit to the AVR and PSS in generators 2 and 4, the time domain results consists of voltage, speed and accelerator power are shown in Fig. 7 . The fuzzy controllers prevent losing synchronism in the system and terminal voltage is returned to the acceptable level.
B. Second Scenario
The whole load in the system is about 3500 MW (35 p.u.). In second scenario 1000 MW (10 p.u.) load is added to the power system. Regarding the results, the system has oscillatory instability and the synchronism is lost. This is visible in Fig. 8 for the terminal voltage, accelerator power and speed diagrams of the generators. Using fuzzy logic unit in Fig. 9 , the synchronism is returned to the system, and oscillations in the system are successfully removed using the proposed fuzzy controller. In fact, after using fuzzy units in generators 2 and 4, the whole system is stable and it has a desirable post-fault voltage level. Fuzzy systems are independent from complexity, nonlinearity and mathematical model of study units and can be designed simply if we have satisfactory information about our system. It is shown that, with fuzzy controller the multi-machine power system remains stable after severe faults in the system.
C. Performance of the Fuzzy Unit
The AVR and PSS gains can adaptively change to guarantee the power system stability after faults; this is the main reason to use the intelligent fuzzy logic unit as a supporting controller in the fault situations. In this paper, one generator in each area was selected as an effective generator. The effective generators have been equipped with fuzzy based coordinated controllers. Generator 2 in area I and generator 4 in area II were equipped with fuzzy units. The fuzzy units with acceptance of normalized terminal voltage deviation and phase difference as the input signals generate the favorable gains for the AVR and PSS. Here, the performance of the fuzzy unit for generator 2 is explained and there is a similar discussion for fuzzy unit of generator 4. The normalized terminal voltage deviation and phase difference for generator 2 without fuzzy controller have been depicted in Fig. 10 for the first fault scenario. The normalized phase difference tends to zero after 5 seconds. This is so because of that, after fault occurrence the two areas have been separated as indicated in Fig. 6 . The normalized terminal voltage deviation changes very oscillatory after fault as illustrated in Fig. 10 . For desirable performance of the power system after fault, the fuzzy unit should produce optimal gains for the AVR and PSS. The AVR and PSS gains can increase or decrease to aid the power system performance. On the other hand, it is noteworthy that increasing in AVR gain value may had a detrimental effect on the oscillatory stability [4] ; therefore, the AVR gain must be slowly increased in comparing with the reduction of the PSS gain. Finally, Fig. 11 shows the normalized terminal voltage deviation and phase difference of generator 2 after using fuzzy controller. As it is shown, the system has no oscillations in voltage deviation and the normalized phase difference tends to the roof of the deviations to preserve the synchronism.
V. CONCLUSION
The AVR and PSS are the local controllers that ensure the power system stability and voltage regulation for nominal operating point of the system. For having an appropriate performance after faults, it is need to make a coordination between these two controllers.
This paper proposes a fuzzy-based coordinated control strategy for optimal tuning of AVR-PSS gains. The fuzzy unit accepts normalized terminal voltage deviation and phase difference as its input signals and generates the AVR and PSS gains in acceptable intervals. Performance of the fuzzy control unit with conventional AVR-PSS has been investigated on 11-bus 2-area power system case study, that each area has two generators. Generator 2 in area 1 and generator 4 in area 2 were equipped with fuzzy unit. Simulation results illustrate the effectiveness and robustness of this fuzzy control strategy in the presence of various fault situations. Using fuzzy controller, the power system is stabilized with an acceptable post-fault voltage level.
VI.
Figures Captions: 
